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^ ■ Abstract 

. We estimate the CP asymmetry Acpiq"^) in the decays B Xg fi^ fi^ and B 

Xd fj,~^ /i in the standard model (SM) with an additional fourth generation. We use a 
parametrization that allows us to explore the complete parameter space of the 4x4 quark 
Q_i' mixing matrix, and constrain these parameters from the current data on B decays. We 

find that the enhancement in Acp(g^) depends strongly on the mass of the t', the up- 
'■^ ' type quark in the fourth generation. For mf around 400 GeV, the CP asymmetry in the 

CN ' high-g^ region (q^ > 14.4 GeV^) can be enhanced by more than an order of magnitude 

> ; 

, for B ^ Xs /i+ /i^ and upto a factor of 6 for B X^ ji'^ . There is no enhancement 

in the low-g^ region (1 < < 6GeV^). With increasing mf, Acpiq^) in the high-g^ 
(low-g^) region first decreases (increases) and then saturates at a value a few times the 
^0 . SM prediction. In the high-g^ region of S — > Xg fi~^ fj,~ , this saturation value may be up 



to 25 times the SM expectation. 
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I. INTRODUCTION 



Upcoming high statistics experiments at the LHC and Super-S factories will 
provide stringent tests of the standard model (SM) via flavor physics involving B 
decays. The large number of B hadrons anticipated to be produced at these facilities 
will allow us to measure various flavor changing neutral current (FCNC) interactions. 
The quark level FCNC transition b s{d)l^l^, where I = e,fi,T, are forbidden at 
the tree level in the SM and can occur only via one or more loops. Therefore they 
have the potential to test higher order corrections to the SM and also to constrain 
many of its possible extensions. The quark level FCNC transitions b — > s{d)l^l~ 
give rise to the inclusive semileptonic decays B Xs{Xj) Z+ /~. 

It is always good to consider new physics effects in the observables which are 
either zero or highly suppressed in the SM. The reason is that any finite or large 
measurement of such an observable will confirm the existence of new physics. The 
CP asymmetry in i? {Xs, Xd) is one such observable. The CP asymmetry 
in B ^ {Xg, Xd) l~ has been widely studied within the framework of the SM 
and its possible extensions l|, [3, [s], Q, Q, I^, B]- In the SM, the CP asymmetry in 
B ^XJ+ I- is ~ 10-3 0, 12I whereas in B ^ Xa /+ /" it is ~ (3 - 6)% Q, S 3- In 
the SM with three generations (SMS), the only source of CP violation is the unique 
phase in the Cabibbo-Kobayashi-Maskawa (CKM) quark mixing matrix. However 
in many possible extensions of the SM, there can be extra phases contributing to 
the CP asymmetry. 

In this paper we study the CP asymmetry in B ^ {Xs,Xd) within the 

framework of the SM with an additional fourth generation (SM4). There is no 
clear theoretical argument to restrict the number of generations to three in the SM. 

the 

extra generation have been studied in the literature in detail 
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ra g eneration have been studied in the literature in detail [8|, 19|, 110|, lUl, 112, 1131 . 

The existence of new generation fermions that are lighter than 



Mz/2 ^ 45 GeV has been excluded by the data on the width of the Z boson [l9l |. 
whereas the existence of fermions heavier than Mz ~ 91 GeV has been excluded by 
the existing data on the Z boson parameters combined with the masses of the W 
boson and the top quark [20!]. However using the same data one can show that a 



2 



few extra generations are possible provided the neutral leptons have masses around 



50GeV 
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The electroweak (EW) precision measurements impose severe constraints on the 



fourth generation |20l . 
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271]. A considerable amount of fine tuning is 



required to accommodate a heavy fourth generation top quark t' {nit' > 400 GeV) 
in order not to violate the experimental constraints from the S and T parameters 



271]. The parameter space of fourth generation masses with minimal contributions 



to the EW precision oblique parameters, and in agreement with all experimental 
constraints, is [27] 



mi' — m^' 
rrit' — nib' 



(30 - 60) GeV 
1 + 



X 50 GeV 



(1) 



5115GeVy 

where niH is the Higgs mass and mi', mu',mb' are the masses of the fourth generation 
charged lepton neutrino z/' and the down type quark b' respectively. We see that 
the EW precision data constrain the mass splitting between t' and b' {I' and u') to 
be small, around 50 GeV. 

The fourth generation has a significant effect on the Higgs sector of the SM. 
For example, the t' and b' quarks increase the effective ggH coupling by a factor 



of roughly 3 which wil 
order of magnitude [28 
has been studied in 127 



increase the production cross section <Jgg~>H by almost an 
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The effect of the fourth generation on Higgs physics 
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32]. In j27|, it was shown that in the SM4, Higgs 



masses between 115 — 315 (115 — 750) GeV are allowed by the EW precision data at 
the 68% (95%) C.L. Thus the EW precision data favor a heavy Higgs boson if the 
fourth generation is introduced. 

Rare decays of B mesons occur at loop level and hence they are sensitive to 



the generic extensions of the SM. The effects of the 



'ourth generation on inclusive 
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371 ]. We employ the 



B decays have been studied in the literature 

Dighe-Kim parametrization 17| of the 4x4 quark mixing matrix (CKM4) that 
allows us to treat the effects of the fourth generation perturbatively and explore the 
complete parameter space available. We generalize the notion of unitarity triangles 
to unitarity quadrilaterals, and calculate the CP asymmetry. 

The paper is organized as follows. In Sec. [Tll we present the theoretical expres- 



sions for the decay rate and CP asymmetry in B ^ (X^, Xd) /i"*" ^~ ■ In Sec. Illlt we 
study constraints on the elements of CKM4, whereas in Sec. IIVI and |V] we present 
the estimates of CP asymmetry in B ^ Xs ji^ fi~ and B — > X^ [x^ fj,~ respectively. 
Finally in Sec. Wl\ we present our conclusions. 



II. DECAY RATE AND CP ASYMMETRY IN B ^ {Xs,Xd) //+ ^" 



A. Effective Hamiltonian and decay rate 



The effective Hamiltonian in the SM for the decay b g/^+yU , where q = s,d 
may be written as 

AG 



10 



(2) 



^ i=l 

where the form of operators Oi and the expressions for calculating the coefficients 
Ci{jj) are given in jssl. The fourth generation only changes values of the Wilson 
coefficients Cy^g^g^io via the virtual exchange of t'. The Wilson coefficients in the 
SM4 can be written as 



Cr(/i.) = Q(/i6) + ^^Cf(/i,), 



(3) 



where i = 7,8,9,10. The new Wilson coefficients Cf {^b) can easily be calculated 
by substituting m^i for rrit in the SMS expressions involving the t quark. 
The amplitude for the decay B —>■ Xq fi^ in the SM4 is given by 

Gpa 



M 



V2^ 



TC 



(4) 



where the Wilson coefficients are evaluated at fj,b=mb- The calculation of the differ- 
ential decay rate gives 



dB{B Xg /i+ m) a'^B{B X,eu) 



dz 



:i-z) 



1 



^t'V^' \v;bV,g\' 



where 
D(z) 



|^tot|2 [ 1 + ^ + 2^) + 4|C*°*|2 (l + ^ 



D(z) 



(5) 



1 + 



I I /^tot 1 2 
+ l'-"10 I 



2t^ 

[l + 2z) + —{l-4z) 



2t2 

+ 12Re(C*°*C^°'*) ( 1 + — 



(6) 



Here z = /ml, t = m^/mb and = mg/mb for all quarks q. The phase space 
factor f{rhc) in 5(5 — > XcCu) is given by jsQ] 

/(mj = 1 - 8m^ + 8ml - m^ - 24m^ In ■ (7) 



K,{mc) is the 1-loop QCD correction factor 39 1 

2as{mb) 



K[mr 



mc)^ + - 



(8) 



Within the SMS, the Wilson coefficients Cj and Cio are real. However the Wilson 
coefficient Cg becomes slightly complex due to the non-negligible terms induced by 
the continuum part of uu and cc loops proportional to V*fjVuq and V*i^Vcq, respectively. 
This complex nature of Cg gives rise to the CP asymmetry in B ^ (XgjXd) fi^ fi~ 
in the SMS. 

In the framework of the SM4, the Wilson coefficients Cj°^, Cg"*, and C^g* are 
given by 

Cr{mb) + Xldiimb) , (9) 
^1 + AU2 + A?,,C*'(m,), (10) 
Cioirub) + XI, Ci^{mb) , (11) 



/^tot 



^10 



where 



K 



VtlVtq ' 



(12) 



(IS) 



so that all three re^ 
are given by 



K V,lVtq 

evant Wilson coefficients are complex in general. The parameters 



6 = Cgimb) + 0.138 iu{z) + g{m„ z){3Ci + C2 + SC3 + C4 + SC5 + Cq 
~^g{m,, z){C3 + SC4) - ^girhb, z){AC, + 4C, + SC5 + Cg) 

+ ^(SC3 + C4 + SC5 + C6) , 

6 = [girhc, z) - g{mu, z)]{3Ci + C2) . 



(14) 
(15) 



Here 



^ ^ 2 2 4 2 5 + 42; 

u; U = — TT i^i2[z) m2;m(l — 2;) ; 

^ ' 9 S ^ ^ S ^ ^ S(l + 2^) 

2z(l + z)(l-2z) ^ 5 + 9z-6z^ 

^ 'lnz + 



ln(l 



S(l-z)2(l + 22) 



6(1 - z){l + 2z) 



(16) 



with 



U2(Z) 



t 



(17) 



The function g{rh, z) represents the one loop corrections to the four-quark operators 
Oi — Oe and is given by [38 1 



g[m,z) 



8, nib 8, . 8 4 

In Inm H 1 — x 

9 fib 9 27 9 



--(2 + x)|l-x|^/2 
9 



In 



in I , for X = 



4m^ 



< 1 



2 arctan J—^ - 



for x = ^ > 1 



For hght quarks, we have m„ ~ rn^ ~ 0. In this hmit, 



\ 8 % vfib 4 4. 

^ 0, 2; = — - - In In 2; + -?7r . 

27 9 /ifo 9 9 



(19) 



We compute g{jh, z) at /i;, = nib- 



B. CP asymmetry in B ^ Xq fj,'^ fj, 



The CP asymmetry in B ^ Xg yU+ is defined as 



^ _ (rfi^/rf.:) - (^g/rf.:) _ Djz) - D{z) 
^"■^ ^ (dB/dz) + (dB/dz) D{z) + D{z) ' ^ ^ 

where B and -B represents the branching ratio of i? ^ Xgl^l~ and its complex 
conjugate B Xgl^l" respectively. dB/dz can be obtained from dB/dz by making 
the following replacements: 

= C-rinib) + \l C'^inib) ^ Cf^ = Cjinib) + XT, C*'(mf>) , (21) 
= ei + AL6 + XT CUrrib) ^ CT = + A?:6 + X^, CUnib) , (22) 
Cl°* = Coirub) + XT CUnib) ^ = Cio(m,) + XT CUmb) • (23) 
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Then 



D{z)-D{z) 



2 1 + 



2e 



Im(AL) {2(1 + 2^)Im(a^2*) " 12C7lm(6)} 



Diz)+Diz) 



+ X,„|(l + 2z)C*' + 6C*'} 

(l + ^) [(1 + 2.) {Br + 2Ct [\Xl,?Ct + X, 
+12 + 2C7C*'Re(A?,,) + C*' (2|A?,f C*' + X,e 



(24) 



+2 



2e 



+8( 1 + — 1 ( 1 + - 1 



;i + 2z) + — (l-4z) 

z 



I ^tot 1 2 



(25) 



where 



B2 

I ^tot 1 2 



2 (Re (A?,,) Re (^i) + Re (A?,, AL*) Re (6) } 
2 {Im (A?,,) Im (6) + Im (A?,,AL*) Im (6)} 
2 {lap + + 2Re (AL) Re (^1^2*)} , 

2C7{Re(ei) + Re(AL)Re(6)} , 
{Crof + \Kt'\\c(,)' + 2CioC7foRe(A?,) , 

f 2C7C*'Re(A?,,) . 



q |2 



(C7)^+|A?. 



(26) 
(27) 
(28) 
(29) 
(30) 

(31) 



The theoretical calculations shown above for the branching ratio oi B ^ Xq yU"*" yU~ 
are rather uncertain in the intermediate region (7 GeV^ < < 12 GeV^) owing 
to the vicinity of charmed resonances. The predictions are relatively more robust in 
the lower and higher regions. We therefore concentrate on calculating AQ^{q^) in 
the low-g^ (1 GeV^ < < 6 GeV^) and the high-g^ (14.4 GeV^ < q^ < ml) regions. 
In terms of the dimensionless parameter z = q'^/ml, the low-g^ region corresponds 
to 0.043 < z < 0.26 whereas the high region corresponds to 0.62 < z < 1. 

In order to estimate Aqp, we need to know the magnitude and phase of A^„ and 
Ajj,. For this we use the Dighe-Kim (DK) parametrization of the CKM4 matrix 



elements, introduced in 1 
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III. THE QUARK MIXING MATRIX IN SM4 



A. DK parametrization for the 4x4 matrix CKM4 



The Cabibbo-Kobayashi-Maskawa (CKM) matrix in the SM is a 3 x 3 unitary 
matrix represented as 



^ Kd Vus ^ 



CKM3 



V 



Vcs Vcb 

Vu Vts Vt, 

In the SM4, a general CKM matrix can be written as follows: 

/ Vud Vus Vub Vub' ^ 



(32) 



CKM4 



(33) 



Vcd Vcs Vcb Vcb' 

Vtd Vts Vtb Vtb' 
\ Vt'd Vt's Vt'h Vt'v ) 

The above matrix can be described, with appropriate choices for the quark phases, 
in terms of 6 real quantities and 3 phases. The DK parametrization defines 

= A , Kb = , Kb = AX^Ce-''-^ 

Kb' = pA^e-^'^'^^' , Kb' = gA^e-^^c' , K,, = r\ . 

The CKM4 matrix now looks like 



(34) 



K 



CKM4 



# 


A 


AX^Ce-' 




# 


# 


A\^ 




# 


# 


# 


rX 








# 



(35) 



The elements denoted by can be determined uniquely from the unitarity condi- 

/t 

'^CKM4 



tion Vn^^f^VcKMi — I on CKM4. They can be calculated in the form of an expansion 



in the powers of A such that each element is accurate up to a multiplicative factor 
of [1 + C(A^)]. The matrix elements Vud, Vcd and Ks retain their SM3 values 



Vud 

Vcd 



1 - y + 0{X') 



Vcs ^ I- 



-X + 0{X 
A2 



(!?(A^) , 



(36) 
(37) 
(38) 



whereas the values of the matrix elements Vtd, Vts and Vtb are modified due to the 
presence of the additional quark generation: 

Vtd = AX^ (1 - Ce'^-") + rX^ {qe'^^"' - pe'^-"') 

+ ^X' {-r^ + {C + Cr^)e'^->') + O(A^) , (39) 

Vts = -AX^ - qrX^e'^^^' + ^X^ (l + - 2Ce'^-') + 0{X^) , (40) 

V, = l-'^ + 0{X') . (41) 

In the limit p = g = r = 0, only the elements present in the 3x3 CKM matrix 
retain nontrivial values, and the above expansion corresponds to the Wolfenstein 
parametrization [40] with C = \/ p"^ + f]'^ and 5ub = tan~^ (r^/p). The remaining new 
CKM4 matrix elements are: 

Vt,d = X^ {qe'^^^' - pe'^-^') + ArX^ (l + Ce'^^^') 

\5 

+ Y {pe'^^'' - qr^e'^-"' + pr^e'^-^') + C(A^) , (42) 
Vt's = qX^e'^-^' + ArX^ 

+X^ (^-pe'^^^' + le^^-"' + '^e'^^^'^ + C(A^) , (43) 

Vt>b = -rA + O(A^) , (44) 

2 \ 2 

Vt>y = 1 - V + ^^^'^ • ^^^^ 

We already have strong direct bounds on the magnitudes of the elements of the 
CKM3 matrix. From the direct measurements of \Vus\ = \Vus\i \ Vcb\ = \Vcb\ and 
iKtfc/Kbl = tl9|. which do not assume the unitarity of the CKM matrix, 

one can derive [l7(] 

0.216 < A < 0.223 , 0.76 <A< 0.90 , 0.23 <C < 0.59 (46) 

at 90% C.L.. Also, the phase 5ub can be constrained through the measurement of 
7 = Arg(-V;*,Kd)/(V;;Kd) since from ([MD, m and ([STD, 

The value of 5ub is therefore restricted to lie between (26°-125°) at 90% C.L.. 
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Direct bounds on p and q can be obtained by combining the direct measurements 
of the magnitudes of the elements in the first two rows with the unitarity constraints. 
We get the 90% C.L. bounds on \Vub'\ and \Vcb'\ as 

\Vub'\ < 0.094 , iKfe'l < 0.147 , (48) 

which correspond to p < 9.0 , q < 3.05. In addition, a strong constraint is obtained 
on the combination = (VcKMi^CK'mlpb through the measurements involving 
Z bb, which give X^^^ = 0.996 ±0.005 [Mi- This translates to \Vt'b\ < 0.11 at 90% 



C.L., which corresponds to r < 0.5. 

The observables AMb^, AMb^, B Xs7, B Xgfi^ fi^, and sin 2/5 are com- 
phcated functions of the CKM parameters \, A,C,p,q,r,6ub' ,Sub, and(5cb'. Hence 
we take care of the constraints on these parameters numerically, without giving the 
analytic expressions explicitly here. 

IV. CP ASYMMETRY IN B ^ X, ^+ 

A. Unitarity quadrilateral relevant for B ^ Xg fi^ /i 

The "squashed" unitarity triangle in the SMS that arises from the equation 

V:,V,s + V:,V^s + V*V,, = . (49) 
is shown in Fig. [H The angles of this unitarity triangle are 



The corresponding unitarity "quadrilateral" relation in the SM4 is 

V^V^s + V:,Vus + V:,Vts + V,\Vt's = , (51) 
This quadrilateral may be superimposed on the SM unitarity triangle as shown in 

Fig.m 

The CP asymmetry in the SMS depends on Im(Aj^), as can be seen from eq. ^QM . 
This quantity may be written as 

Im(A,^J = -C\^ sin d^b + ^(A^) , (52) 
10 



Im 




FIG. 1: The "squashed" unitarity triangle (PQR) in the SMS and the corresponding 
unitarity quadrilateral (QRPT) in the SM4. 

which is the same as the sine of the angle x shown in Fig. [H With the introduction 
of the fourth generation, the contribution to the CP asymmetry also comes from the 
quantity Im(A^j,), which may be written as 

MA-,) = «I^A + 0(A'^). (53) 

which is the same as the sine of the angle x the figure. Thus, the new CKM4 
elements themselves tend to magnify the CP violation by a factor of ~ 1/A ~ 5. 
There can of course be additional factors due to the modified Wilson coefficients 
in SM4, which we will take care of in our complete numerical analysis in the next 
section. 



B. Numerical calculation of ^cp(9^) in B Xs ^jl'^ n 

In order to calculate y4cp(g^) from the procedure outlined in Sec. Ill B\ we need 
to know Aj^ and A^^,. Using the DK parametrization, we have 

AJ. = f^+(.-f!!5!^)A^ + 0(A»,, (54) 

Xl^ = -Ce'^->' A^ + 0{X^) . (55) 
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Gf = 1.166 X 10-5 GeV-2 
Q = 1.0/129.0 
a^(mfc) = 0.220 [42] 

= 1.45 X 10-12 s 
TB^ = 1.53 X 10-12 g 

= 0.105 GeV 
mw = 80.40 GeV 
mt = 172.5 GeV 
mf, = 4.80 GeV [43j 
ms^ = 5.366 GeV 

= 5.279 GeV 

TABLE I: Numerical inputs used in our analysis. Unless explicitly specified, they are 
taken from the Review of Particle Physics [3] • 

Putting these values of Af„ and A^^, in the relevant expressions in Sec. IIIBt we obtain 
y4cp(g^) in i? ^ Xgfi^ fi^. The inputs used in the numerical analysis are shown in 
Table U 

Fig. [2] shows Acp{q'^) in the low and high regions for the decay B — * Xsfi^fi~ 
for mt' = (400, 800, 1200) GeV. Clearly for m^/ = 400 GeV, for most of the allowed 
regions of the parameter space, the SM4 prediction for Acp{q'^) in the low-g^ region 
is either below the SMS prediction or consistent with it. However in the high-g^ 
region, the SM4 prediction can be as high as 2.5%, which is about 40 times the SM3 
prediction. There is thus a significant enhancement in Acplq"^) in the high-g^ region. 

Table HTl shows the ratio of the maximum y4cp(g^) allowed within the SM4 and 
that allowed in the SMS. It can be seen that with increasing mt', the enhancement 
in Acpiq"^) at low-g^ (high-g^) increases (decreases) and then saturates at ~ 1.2 (25) 
times the SM value. Thus, while the low-g^ region is rather insensitive to the effects 



rric/mb = 0.29 [43] 
fB,^s = (0.270 ± 0.030) GeV [44] 
fBi\[^d = (0.225 ± 0.025) GeV [44] 
Am^ = (1.17 ± 0.008) x lO^^^ GeV 
Amrf = (3.337 ± 0.033) x lO^^^ GeV 
sin 2/3 = 0.681 ±0.025 
5n.(-7) = (77li)° 

B{B Xclv) = 0.1061 ± 0.0016 ± 0.0006 [45] 
B{B ^ X, /i-),2>i4.4GeV = (0.44 ± 0.12) X 10-6 [46, 47] 
B{B -^Xs'y) = (3.55 ± 0.25) x lO-'' [48] 
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FIG. 2: ^cp(-2) vs 2; plot in the low-g^ (left panel) and the high-g^ (right panel) regions 
for the decay B ^ Xs /i^ for m^/ = (400, 800, 1200) GeV. The blue band represents 
the SM3 prediction whereas the grey circles correspond to the possible values that can be 
obtained in the SM4. 
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(5^)]max 


(low q'^) 


L4.^p 


(9^)]max 


(high ) 


mt' (GeV) 


SM3 


SM4 


SM4/SM3 


SM3 


SM4 


SM4/SM3 


400 


0.25% 


0.25% 


1.0 


0.05% 


2.3% 


46 


800 


0.25% 


0.3% 


1.2 


0.05% 


1.4% 


28 


1200 


0.25% 


0.3% 


1.2 


0.05% 


1.3% 


26 



TABLE II: Comparison of Acp{q^) in the SM3 and in the SM4 for B Xsii^ ijl' at 
different mti values 

of the fourth generation, the high-g^ region may show a significant asymmetry that 
can easily be shown to be beyond the limits of the SMS. 

The saturation in 74cp(q'^) at large m^/ may be understood as follows. The Wilson 
coefficient Cio becomes very large as compared to C-j and Cg for large m^/. Hence 
from eq. (fTTl) . it is obvious that A^^, must be very small for large mf so as to keep 
the branching ratio within the experimental range. Hence in the limit of large mj/, 
we have A^^, ^ 0. In this limit, the Xim term in eq. (12^ vanishes and the numerator 
of y4cp(g^) becomes 

D{z) - D{z) = 2[l + —\ [Im(AL) {2(1 + 2z)\m{Ul) - 12C7lm(6)}] • (56) 

The right hand side of eq. fl5B]) has only a weak dependence on m^/ and hence remains 
almost constant for large mt' . D{z) + D{z), on the other hand, is just obtained from 
the branching ratio of -B X^yU^/i^, an experimentally measured value. The ratio 
of these two quantities, Acplq"^), is therefore rather independent of m^/ at large m^/. 
This fact is reflected in the Aqp plots: there is not much difference in the Acplq"^) 
prediction for m^/ = 800 GeV and m^/ = 1200 GeV. 

V. CP ASYMMETRY IN B ^ /i+ fi' 

A. Unitarity quadrilateral relevant for B fi^ 

The "standard" unitarity triangle in the SM3, which arises from the equation 

v:,v^,+v:,v,a+v:,vu = Q , (s?) 
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is shown in Fig. [3] The angles of this unitarity triangle are defined as 



The corresponding unitarity relation in the SM4 is 

KtVud + nVcd + KVu + V,%V,d = , (59) 

This quadrilateral may be superimposed on the SM unitarity triangle as shown in 
Fig. El 

Im 




Re 



FIG. 3: The unitarity triangle (ABC) in the SMS and the corresponding unitarity quadri- 
lateral (ACBD) in the SM4. 

The CP asymmetry in SMS depends on Im(A^„), as can be seen from eq. (|2^ . 
This quantity may be written as 

T^cv^J + ^(^) ' (60) 

which is the same as the sine of the angle (3 shown in Fig. [3l With the introduction 
of the fourth generation, contribution to the CP asymmetry also comes from the 
quantity Im(Afj,), which may be written as 

Im(Af,) = 0{\) . (61) 

Thus, the additional contribution to the CP violation from the complex nature of 
the CKM4 elements is rather small. The enhancement in y4cp(5'^), if any, therefore 
has to come from the modified values of the Wilson coefficients. We calculate the 
enhancement numerically in the next section. 
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B. Numerical calculation of Acp{q^) in B —^ Xdji^ ^ 

We now consider Af„ and A^^, for the calculation of Acp{q^) in S ^ XdfJ^'^ fi~ 
using the procedure outlined in Sec. IIIBI Using the DK parametrization, we obtain 

For our numerical analysis, we use the expressions correct up to (9(A^). 

Fig. m shows the Acplq"^) distribution in the low-g^ and the high-g^ regions for 
TJitf = (400, 800, 1200) GeV. Here we find that for m^/ = 400 GeV, the low-g^ 
prediction in the SM4 is either consistent with or below the SMS prediction whereas 
in the high-g^ region, the SM4 prediction can be as high as 6%, which is about 6 
times the SMS prediction. There is thus a significant enhancement in Acpiq"^) in 
the high-g^ region. 

Table HIT] shows the ratio of the maximal values of Acp(g^) allowed within the 
SM4 and that allowed in the SMS. It can be seen that with increasing mf, the 
enhancement in Acp{q'^) at low-g^ (high g^) increases (decreases) and then saturates 
at ~ 2.5 (S) times the SMS value. At low m^/, the enhancement in the high-g^ region 
is rather large, and makes this region more suitable for the detection of a deviation 
from the SMS expectation, just like in the case of B ^ Xg^^ . However at high 
mt'i the enhancement over the SMS value is similar in both the regions, so that the 
higher branching ratio at low-g^ and the higher value of y4cp(g^) therein makes the 
analysis of 5 — > XdfJ^^ fi~ at low g^ an interesting prospect. 

The same arguments as given in Sec. IIVBI in the case of S — > /i^ for the 
saturation of Acp{q'^) at large mf also apply to -B XdjJi^ jjT . The allowed range 
ylcp(g^) at 800 GeV and 1200 GeV is then almost identical, as can be seen in Fig. HI 



VI. CONCLUSIONS 

In this paper we study the CP asymmetry in the decays B — * Xg ^'^ fi~ and 
B — > Xd fi~^ /i~ in the standard model with an additional fourth generation using the 
Dighe-Kim parametrization, which allows us to treat the problem as a perturbative 
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FIG. 4: Acp(z) vs z plot in (a) the low-g^ and (b) the high-g^ region for the decay 
B ^ XdfM+ H~ for mt, = (400, 800, 1200) GeV. 



17 







(Q^)]max 


(low g^) 


[^Cp(^^)]max 


(high g2 ) 


mt' (GeV) 


SMS 


SM4 


SM4/SM3 


SM3 


SM4 


SM4/SM3 


400 


5.5% 


5.5% 


1.0 


1.0% 


6.0% 


6.0 


800 


5.5% 


13.5% 


2.45 


1.0% 


4.0% 


4.0 


1200 


5.5% 


13.5% 


2.45 


1.0% 


3.0% 


3.0 



TABLE III: Comparison of Acp{q^) in the SMS and in the SM4 for B ^ Xd^i"" at 
different mti values 

expansion in the Cabibbo angle A, and explore the complete parameter space of the 
4x4 quark mixing matrix. We use constraints from the present measurements of 
AMb^, AMb^, sin 2/5, and the branching ratios of i? ^ X^eu, B ^ X^'j, B 
XsyU^yU^. The results may be summarized as follows: 

1 . For the decay B Xg fi~^ fi~ , the fourth generation of quarks may provide 
more than an order of magnitude enhancement in Acpiq"^) in the high-g^ region 
(for nit' > 400 GeV), whereas practically no enhancement in the low-g^ region is 
obtained. Therefore the high-g^ region is more sensitive to new physics of this kind. 

2. For the decay B X(ifi~^ fi~ , the fourth generation of quarks may provide an 
enhancement up to 6 times in Acp{q'^) in the high-g^ region. While no enhancement 
is possible in the low-g^ region for mf around 400 GeV, at large mj/ (> 800 GeV) 
the enhancement in both low and high g^ region in the SM4 is about 3 times the 
corresponding SMS prediction . Since the branching ratio in high-g^ region is small 
compared to the one in the low-g^ region, the low-g^ region becomes more attractive 
at large m^/. 

3. For both the decays B (Xg, Xa) the effect of increasing mf is to 
increase (decrease) the values of Acp(g^) in the low-g^ (high-g^) region. At large 
rrit', the value of y4cp(g^) is almost independent of mt'. 

For a branching ratio of ~ 10^^, a measurement of a CP asymmetry of 1% at the 
3(7 level would require ~ 10^° B mesons. Hence the measurement of a CP asymmetry 
at the level of a few per cent should be feasible at the future colliders like Super-S 
factories 0,15^. Any enhancement observed beyond the standard model, combined 
with its g^-dependence, can offer clues about the nature of new physics involved. 
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